A variety of human and animal pathogens express surface proteins that bind immunoglobulins (Ig) by nonimmune mechanisms (7, 11, 22, 30) . Based on their binding activities with IgG from various host species, six distinct types of IgG-binding proteins were proposed (30, 40) . Well-known examples of such proteins are protein A (PA) from Staphylococcus aureus and protein G (PG) from group C and G streptococci, both of which preferentially bind IgG (7, 11, 38) . Ig-binding proteins from group A streptococci (e.g., Arp and Sir) are members of the M protein family and have a similar organization (47, 48) . Some group A streptococcal proteins have been purified and extensively characterized: protein Arp, which preferentially binds IgA; protein H, which binds IgG; and protein Sir, which binds IgA and IgG (1, 2, 48) . Some Ig-binding proteins were shown to bind other plasma proteins, such as albumin and fibronectin (7, 46, 47) . These various Ig-binding proteins are valuable as immunochemical tools and as model systems with which to study the interactions between Ig and specific receptors. In addition, some reports have demonstrated an association between expression of Ig-binding proteins by group A streptococci and the ability of these microorganisms to elude host defenses (28, 35, 36) .
Streptococcus suis is an important swine pathogen. It has been associated with various pathologies in pigs (17) , other animal species (9) , and also in humans (3) . To date, 35 capsular types of S. suis have been described (12, 19) . In many countries, capsular type 2 is considered the most virulent and prevalent capsular type in diseased pigs (18) . The mechanisms involved in the pathogenesis of S. suis capsular type 2 infections have been studied. It has been shown that the capsular polysaccharide as well as some extracellular and cell wall proteins could be associated with the virulence of this capsular type (13, 32, 33, 50) .
We have recently identified human and pig IgG-binding proteins in group D streptococci, including S. suis (44) . Interestingly, one of these proteins, with a molecular mass of 52 kDa, seemed to be specific to the S. suis species and common to all capsular types. The purpose of the present study was to purify the IgG-binding proteins of S. suis capsular type 2, particularly the 52-kDa protein, by affinity chromatography, to characterize this protein, and to compare it with the IgGbinding proteins described to date.
MATERIALS AND METHODS
Bacterial strain and growth conditions. The reference strain of S. suis capsular type 2 (R735) was kindly supplied by Jorgen Henrichsen, Statens Seruminstitut, Copenhagen, Denmark. Bacteria were grown either on blood agar plates (tryptic soy agar containing 5% bovine blood) or in Todd-Hewitt broth (Difco Laboratories, Detroit, Mich.) for 18 to 24 h at 37ЊC in a 5% CO 2 atmosphere.
Precipitation of proteins from culture supernatants. After overnight growth in 2-liter volumes of Todd-Hewitt broth, bacterial cells were centrifuged at 9,000 ϫ g for 10 min. The culture supernatant was subjected to ammonium sulfate precipitation (55% saturation) as described by Englard and Seifter (10) . The precipitate was gently resuspended in 50 mM Tris-HCl buffer (TB, pH 8.1) containing 1 mM EDTA. The protein solution (20 ml) was then dialyzed overnight against 18 liters of TB.
Ig and other plasma proteins. Pig, human, bovine, mouse, goat, and chicken IgG as well as human IgA, human fibronectin, albumin, and haptoglobin were obtained from Sigma Chemical Co. (St. Louis, Mo.). Human IgG (Fc) fragments were obtained from Jackson ImmunoResearch Laboratories (Mississauga, Ontario, Canada). Eggs were collected from nonimmunized white Leghorn chickens, and Ig were purified by chloroform extraction of egg yolks as described by Yarnall and Boyle (51) .
Immobilized Ig. ECH-Sepharose 4B gel, which expresses carboxyl groups (Pharmacia Fine Chemicals, Uppsala, Sweden), was covalently coupled to pig IgG through their Fab fragments. Twelve milliliters of the gel was washed with a total of 600 ml of 0.5 M NaCl in several aliquots. Ig (120 mg) were dissolved in 3 ml of deionized water adjusted to pH 4.5 and added to the gel. The coupling reaction was mediated by 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (final concentration, 0.1 M), and the suspension was rotated endover-end overnight at 4ЊC. Unreacted sites were blocked for 18 h by addition of 192 M ethanolamine (pH 4.5), and the final product was washed alternately with 0.5 M NaCl (pH 8.3) and acetate buffer (0.1 M, pH 4.5) containing 0.5 M NaCl. This step was repeated five times. The gel was washed with deionized water and then with sodium phosphate buffer (0.2 M NaH 2 PO 4 , 0.2 M Na 2 HPO 4 [pH 6.9]) containing 0.02% NaN 3 and 0.5 M NaCl. The gel on which IgG were coupled was stored in this buffer at 4ЊC.
Affinity chromatography. The gel with immobilized IgG was washed with TB (starting buffer) and then with the elution buffer (0.1 M citric acid, 0.1 M sodium citrate [pH 3.0]) containing 0.5 M NaCl and finally reequilibrated in TB. The ammonium sulfate precipitate was diluted in TB and applied to the column at a flow rate of 0.3 ml/min. After sample application, the column was washed with TB. The column was then eluted with citrate buffer (pH 3.0) containing 0.5 M NaCl. Elution was done at a flow rate of 0.4 ml/min, and the peaks were monitored at 280 nm with a UV-M detector. The peak eluted from the column was immediately dialyzed against TB with three changes of buffer, concentrated with a Speed-Vac evaporator, and stored at Ϫ20ЊC. SDS-PAGE. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was conducted with the discontinuous buffer of Laemmli (23) , with a 4.5% polyacrylamide stacking gel and a 10% polyacrylamide running gel. Samples were mixed with solubilization buffer (2% [wt/vol] SDS, 10% [vol/vol], glycerol, 5% ␤-mercaptoethanol, 0.025% bromophenol blue in 62.5 mM TrisHCl [pH 6.8]) and boiled for 10 min. Prestained low-molecular-mass markers were obtained from Bio-Rad Laboratories (Richmond, Calif.). Gels were run either on Mini-Protean II vertical slab electrophoresis cells (Bio-Rad) or on a Tall Mighty Small vertical slab unit (Hoefer Scientific Instruments, San Francisco, Calif.). Proteins were visualized by staining with Coomassie brilliant blue R-250 or stained with silver nitrate by the procedure of Morrissey (29) .
Isoelectric point determination. The denaturing isoelectric focusing gel was run in a vertical polyacrylamide minigel by the method of Robertson et al. (41) . Pharmalyte 3.5-10 (Pharmacia) was used to form the pH gradient. Isoelectrofocusing standards (pI 4.6 to 9.6) were obtained from Bio-Rad. Samples were mixed with an equal volume of buffer (8 M urea, 2% [vol/vol] Western blot and dot blot analyses. Western blots were carried out as described by Serhir et al. (44) . The separated proteins were transferred to nitrocellulose membranes. Unreacted sites were blocked with 2% skim milk in TrisHCl-buffered saline (TBS; 10 mM Tris-HCl, 150 mM NaCl [pH 7.4]) for 60 min and incubated overnight at 4ЊC with IgG (10 g/ml) diluted in the blocking solution. The membrane was then washed in TBS and allowed to react with horseradish peroxidase-conjugated goat anti-Ig (Jackson ImmunoResearch Laboratories). After a subsequent wash, bands were visualized with a 4-chloro-1-naphthol solution in cold methanol and H 2 O 2 in Tris saline (15) . Dot blot analysis was performed with the 52-kDa protein as well as PA and PG (Sigma) dotted onto a nitrocellulose membrane. The membrane was then blocked with 2% skim milk in TBS and incubated with 10 g of human plasma proteins per ml diluted in the blocking solution. After washing, the membrane was incubated with goat antibodies produced against the plasma proteins and conjugated to horseradish peroxidase. The assay was carried out as described above.
Competitive inhibition assays. The ability of the affinity-purified S. suis IgGbinding proteins to compete with radiolabeled recombinant PA and PG (Dupont NEN Research, Ontario, Canada) for human IgG covalently coupled to agarose beads (Sigma) was measured by a modification of the procedure described by Langone et al. (24) . The assay was performed in two stages, with Veronalbuffered saline (pH 7.4) containing 0.1% gelatin (VBS-gel). Briefly, 0.1 ml of IgG-binding proteins (estimated at 50 g/ml) or buffer was mixed with 0.1 ml of different dilutions of immobilized human IgG beads and incubated at 37ЊC for 30 min. A volume of 0.1 ml of 125 I-labeled PA or 125 I-labeled PG tracers (approximately 25,000 cpm) was then added, and the suspension was incubated for 60 min at 37ЊC. VBS-gel (2 ml) containing 0.01 M trisodium EDTA (EDTA-gel) was added to each tube; the tubes were centrifuged at 1,000 ϫ g for 5 min, and the supernatant was decanted. After an additional wash, the radioactivity associated with the agarose beads was determined in a gamma counter (ICN Biomedicals, Mississauga, Ontario, Canada). The percent inhibition of binding of PA and PG to IgG by S. suis IgG-binding proteins was determined (39) . As a control, we used 200 ng of unlabeled PA to compete with 125 I-labeled PA by the method of Reis et al. (39) . Binding of 125 I-labeled PA to human IgG was completely inhibited (100%) by the homologous unlabeled protein.
Glycoprotein staining. Glycoprotein staining was performed with a digoxigenin glycan detection kit (Boehringer Mannheim Biochemica, Laval, Quebec, Canada) by following the manufacturer's instructions and using proteins separated by SDS-PAGE and transferred to nitrocellulose membranes.
N-Glycosidase F and O-glycosidase treatments of pig IgG. N-Glycosidase F treatment of pig IgG was performed with N-glycosidase F (Boehringer) as described by Li et al. (27) , while O-glycosidase treatment was carried out with O-glycosidase (Boehringer). The protein (500 g) was incubated with 3 mU of enzyme in a total of 100 l at 37ЊC for 16 h with the incubation buffer recommended by the manufacturer. Untreated protein and enzyme incubated under the same conditions were used as controls.
Electron microscopy. Single drops of sample were placed on Formvar-coated grids. The grids were then negatively stained with 1% phosphotungstate (pH 7.1) (21) and observed with a Philips model 201 electron microscope at an accelerating voltage of 60 kV.
NH 2 -terminal amino acid sequencing. Protein samples were electroblotted onto an Immobilon-P transfer membrane (Millipore Corp., Bedford, Mass.) with an alternative transfer buffer consisting of 10 mM 3-[cyclohexylamino]-1-propanesulfonic acid (CAPS, pH 11.0) in 10% methanol as described by LeGendre and Matsudaira (26) . The membrane was stained with 0.1% Coomassie blue R-250 in 10% methanol and destained with 50% methanol. Automated Edman degradation was performed on an Applied Biosystems gas phase sequencer (model 470A) equipped with an on-line phenylthiohydantoin analyzer (model 120A; Applied Biosystems) by the method of Hewick et al. (16) . Samples were applied to a trifluoroacetic acid-treated cartridge filter coated with 1.5 mg of Polybrene and 0.1 mg of NaCl (Biobrene Plus; Applied Biosystems). A standard program (03RPTH) was used for sequencing. The phenylthiohydantoin amino acid derivatives were determined by comparison with standards (PTH Analyzer Standards; Applied Biosystems) analyzed on-line prior to sequence analysis.
Amino acid composition analysis. The protein electroblotted on Immobilon-P transfer membranes, as described above, was subjected to vapor-phase hydrolysis (6 N HCl, 1% phenol) at 156ЊC for 60 min. Amino acid composition was determined on a 420A derivatizer system, which incorporates a 920A analysis module and a 130A separation system (Applied Biosystems). The analysis procedure was performed according to the standard program.
RESULTS
Affinity purification of Ig-binding proteins. In a previous study, we demonstrated that IgG-binding proteins, particularly a 52-kDa protein, were present in S. suis and secreted into the culture supernatant (44) . Culture supernatant proteins of S. suis capsular type 2 were precipitated with ammonium sulfate (Fig. 1, lane 1) . Western blot analysis of this precipitate showed detectable quantities of functionally active IgG-binding proteins of 52 and 56 kDa (Fig. 1, lane 2) .
An ECH-Sepharose 4B gel, which expresses carboxyl groups, was used to immobilize pig IgG through their Fab fragments. The column was equilibrated in Tris-HCl (pH 8.1), and the solubilized ammonium sulfate precipitate was applied. Unbound material was washed through with starting buffer, while bound proteins were eluted with citrate buffer (pH 3.0) containing 0.5 M NaCl (Fig. 2) . The IgG-binding activity was recovered in a single peak (Fig. 2, peak II) ; the protein content of this peak was estimated at 2 g/l. The fractions containing IgG-binding activity were pooled and concentrated. After staining with Coomassie blue, the 52-kDa protein (Fig. 3, lane  1) was the major protein recovered in the eluted peak. This protein and other minor proteins were stained by silver nitrate (Fig. 3, lane 2) . Pig IgG-binding activity was observed for proteins of 52 and 56 kDa (Fig. 3, lane 3) ; we do not know at present whether the 52-and 56-kDa proteins represent two forms of the same protein. With a DIG glycan kit for the detection of glycoproteins, with transferrin as a positive control and creatinase as a negative control, the IgG-binding proteins of S. suis were not stained. We performed an isoelectric focusing gel electrophoresis under denaturing conditions with 8 M urea. The isoelectric point of the 52-kDa protein was determined to be approximately 4.6.
Electron microscopy observations. We examined the affinity chromatography-purified IgG-binding proteins by electron microscopy. The IgG-binding proteins have a tendency to polymerize, and after negative staining, we observed filamentous structures (Fig. 4A) . These elongated structures have a diameter of approximately 4 nm (Fig. 4B ) and were not observed after treatment with either buffered urea (4 M) or buffered ethanolamine (4 M) (data not shown).
Functional characterization of the Ig-binding proteins. The reactivity of the purified IgG-binding proteins with various species and classes of Ig and with some human plasma proteins was determined by Western blot. The results are summarized in Fig. 5 . The reactivity of PA, presented in lanes 1 of panels A, B, C, D, and E, was used for comparison with purified S. suis IgG-binding proteins; it displayed the expected reactivity with pig, human, and bovine IgG (lanes A1, B1, and C1, respectively) in the 45-kDa molecular mass region. Also as expected, PA did not bind chicken IgG (lane D1) or human IgA (lane E1). The 52-and 56-kDa proteins of S. suis bound pig, human, and bovine IgG (lanes A2, B2, and C2, respectively). These proteins also reacted strongly with chicken IgG either purified from egg yolks or purchased from Sigma (lane D2). In addition, the 52-and 56-kDa proteins as well as other proteins of higher molecular mass reacted with human IgA (lane E2). The 52-kDa protein and PA also reacted with mouse and rabbit IgG (data not shown). Lanes F and H show that the 52-kDa protein bound the Fc fragments of human IgG and human fibronectin, respectively, but did not react with human albumin (lane G), and reacted weakly with human haptoglobin (lane I).
The IgG-binding affinities of the S. suis affinity chromatography-purified IgG-binding proteins relative to PA and PG were determined by dot blot assays. Figure 6 shows the reactivity of the S. suis proteins (lane 1), PA (lane 2), and PG (lane 3) at different concentrations (0.5, 0.2, and 0.1 g) with human IgG (Fig. 6A ) and pig IgG (Fig. 6B) . The affinity of the S. suis IgG-binding proteins for pig and human IgG was less pronounced than that of PA and PG. These results were also observed with other IgG species.
Competitive inhibition assays. The ability of purified S. suis IgG-binding proteins to compete with PA and PG for binding to human IgG was measured. The amino acid composition of the 52-kDa protein of S. suis was also determined ( Table 1 ). The composition indicated that the protein is rich in glycine and aspartic and glutamic acids and also contains high concentrations of alanine and serine.
The molecule contained approximately 506 residues; 26.5% of these residues were hydrophobic, 25.6% were acidic, and 11.2% were basic. On the basis of amino acid composition, the structure-function ratio 3, calculated with the algorithm of Barrantes (4), was 2.05.
DISCUSSION
We have previously reported that group D streptococci have pig and human IgG-binding proteins (44) . Interestingly, a 52-kDa cell-bound protein which binds IgG seemed to be specific to S. suis and common in all capsular types. This protein was also detected in the culture supernatant. We collected the culture supernatant of S. suis capsular type 2, and the proteins were precipitated with ammonium sulfate and analyzed by Western blot. Because binding activity was detected with pig IgG, we used the precipitate as the starting material for isolation of the 52-kDa protein common to all strains of S. suis. S. suis IgG-binding proteins were affinity purified with a column containing a gel in which pig IgG were immobilized. We estimated the concentration of the 52-kDa protein to be approximately 400 ng/ml of culture supernatant. For comparison, Reis et al. (37) have observed that overnight culture supernatants of S. aureus Cowan and Wood strains contained approximately 1,850 and 162 ng of PA per ml, respectively. The 52-kDa protein of S. suis has interesting properties which facilitate its purification and make it amenable for study. It is stable at acidic pH (pH 3) and retains activity after storage for months at Ϫ20ЊC and after heating for 15 min at 100ЊC. The 52-kDa protein of S. suis was stained with either Coomassie brilliant blue or silver nitrate, in contrast to PA, which could be stained only with Coomassie brilliant blue (8) .
From some of their physicochemical properties and sequence studies, several authors have suggested that IgG-binding proteins of types I, II, and III as well as peptococcal protein L are arranged as elongated molecules (5, 6, 43, 47) . Schalén and Christensen (43) also suggested that the type II has a tendency for polymerization. Our electron microscopy observations showed that purified S. suis IgG-binding proteins have a tendency to polymerize as filamentous structures with a diameter of approximately 4 nm. The 52-kDa protein is probably the subunit constituting the polymerized structures, since the bulk of the purified material is composed of this protein.
Several studies on the antigenic relationships of type I to VI IgG-binding proteins indicated that they have minimal to no reactivity with chicken IgG and that type III (PG) has the greatest range of species and subclasses reactivity of any type described to date (7, 38) . In this study, we demonstrated that the 52-kDa protein of S. suis also binds a wide spectrum of mammalian IgG, such as pig, human, bovine, rabbit, and mouse IgG. This binding was slightly weaker than that by PA and PG; however, the competitive inhibition assays showed that the IgG-binding proteins of S. suis were able to compete with PA and PG for binding to human IgG. The maximal inhibition obtained was approximately 70%. These results suggest that the binding sites on human IgG are not identical. The 52-kDa protein bound the Fc fragment of human IgG, confirming its nonimmune reactivity; it also bound some other plasma proteins, such as fibronectin, but did not react with human albumin and reacted weakly with haptoglobin.
In addition, a specific and interesting property of this protein was its ability to bind chicken IgG with high affinity. This characteristic strongly suggests that the 52-kDa protein is different from the other six bacterial IgG-binding protein types described to date, as its activity spectrum is not limited to mammalian IgG but includes chicken IgG. This last property could be used advantageously, for example, for the large-scale purification of chicken IgG. Chicken Ig differ markedly from mammalian IgG (25) . However, they are probably related to mammalian IgA and have approximately the same molecular mass and structure (14) . We have tested human IgA and observed that the 52-kDa protein also binds human IgA, in contrast to PA, which did not react with this Ig. It has been reported that many strains of group A streptococci express proteins that bind IgA and IgG (48) . Little is known about the biological role of these proteins, but it is commonly believed that they act as virulence factors and contribute to the ability of group A streptococci to establish infections (28, 47) . S. suis has The total number of residues per mole is 506; the estimated M r is 52,000; and the percentage of hydrophobic residues (Val, Met, Ile, Leu, Ala, Phe, and Pro), acidic residues (Asn, Asp, Glu, and Gln), and basic residues (His, Lys, and Arg) are 26.5, 25.6, and 11.2%, respectively.
b ND, not determined.
been associated with bronchopneumonia (20, 42) . In this case, the IgA-binding property of the 52-kDa protein is of particular interest, since IgA are the predominating antibodies on mucous membranes. The 52-kDa protein NH 2 -terminal amino acid sequence was determined for the first 22 residues. No homology was observed with any bacterial protein. The comparison of the amino acid composition of the 52-kDa protein of S. suis with that of other IgG-binding proteins revealed some similarities, such as a high concentration of glutamic and aspartic acids. In addition, the 52-kDa protein is rich in glycine. The amino acid composition showed that the 52-kDa protein of S. suis contains more acidic than basic residues, a result in agreement with the isoelectric point of approximately 4.6. Although our results suggest that the 52-kDa protein is not a glycoprotein, since it was not stained with the DIG glycan detection kit, this observation will need to be confirmed by other means, such as chemical or enzymatic deglycosylation.
The calculated structure-function ratio 3 value of 2.05 suggested that the 52-kDa protein was characteristically a peripheral protein (4, 45) . This result confirmed our electron microscopy observations on sections of S. suis capsular type 2, in which we observed IgG-binding activity at the bacterial surface (44) .
Human IgG possesses an asparagine-linked oligosaccharide in the heavy-chain domain (49) , and carbohydrates are linked to the same domain of pig IgG (34) . Depletion of carbohydrates in pig IgG was performed and had no effect on the capacity of the 52-kDa protein to bind to it. Earlier studies on the role of IgG carbohydrates in PA binding indicated that normal and carbohydrate-deficient IgG displayed identical PAbinding capacities (31) . Thus, the 52-kDa protein does not seem to bind to IgG through a lectin-like interaction.
The results reported here show that the affinity chromatography-purified 52-kDa IgG-binding protein of S. suis has some similarities with other IgG-binding proteins, particularly from group A streptococci, because of its ability to bind IgA and its filamentous structure. However, it has the unique property of reacting with chicken IgG.
